Introduction. Experimental animal models of acute uveitis, an inflammatory eye disease, can be established via endotoxin-induced inflammation. Propolis, a natural substance collected by honeybees from buds and tree exudates, has antioxidant, antibacterial, antiviral, and anti-inflammatory effects. We investigated the effects of propolis, obtained from the Sakarya province of Turkey, on endotoxin-induced uveitis using immunohistochemical, ultrastructural, and biochemical approaches. Material and methods. Male Wistar albino rats (n = 6/group) received intraperitoneal (ip) lipopolysaccharide (LPS) endotoxin (150 µg/kg) followed by aqueous extract of propolis (50 mg/kg ip) or vehicle; two additional groups received either saline (control) or propolis only. After 24 h, aqueous humor (AH) was collected from both eyes of each animal for analysis of tumor necrosis factor-a (TNF-a) and hypoxia-inducible factor-1a (HIF-1a). Right eyeballs were paraffin-embedded for immunohistochemical staining of nuclear factor kB (NF-kB)/p65 and left eyeballs were araldite-embedded for ultrastructural analysis. Results. Treatment of LPS-induced uveitis with propolis significantly reduced ciliary body NF-kB/p65 immunoreactivity and AH levels of HIF-1a and TNF-a. Ultrastructural analysis showed fewer vacuoles and reduced mitochondrial degeneration in the retinal pigment epithelium, as compared to the uveitis group. The intercellular spaces of the inner nuclear layer and outer limiting membrane were comparable with those of the control group; no polymorphonuclear cells or stasis was observed in intravascular or extravascular spaces. Conclusions. This is the first report demonstrating an anti-inflammatory effect of Turkish propolis in a rat model of LPS-induced acute uveitis, suggesting a therapeutic potential of propolis for the treatment of inflammatory ophthalmic diseases.
Introduction
Endotoxin-induced uveitis (EIU), which serves as an animal model for acute anterior ocular inflammation in humans, can be induced by systemic injection of a sub-lethal dose of lipopolysaccharide (LPS) [1] . The inflammation in EIU is characterized by neutrophil infiltration into the anterior chamber of the eye and up-regulation of cytokine production in the aqueous humor (AH) [2] . The cytokines (tumor necrosis factor-a, TNF-a, interleukin (IL) 1b, and IL-6) and chemokines, are considered to be particularly important in the pathogenesis of EIU [3] .
Upon stimulation by LPS, nuclear factor kB (NF-kB), a primary transcription factor, responds directly, rapidly transducing the external information to DNA via cytoplasmic and nuclear signaling. In the nucleus, NF-kB positively regulates the expression of genes involved in inflammatory and immune responses, including TNF-a [4, 5] . A significant up-regulation of activated NF-kB in the iris and ciliary body during EIU has been reported [6] . Also, Ilieva et al. demonstrated that LPS induced NF-kB p65 nuclear translocation in the iris and ciliary body [4] . Inhibition of NF-kB activation has been shown to have beneficial effects, suppressing acute inflammatory processes [3] . Therefore, the activation of NF-kB leads to a coordinated increase in the expression of many genes which products mediate the inflammatory loop and perpetuate local inflammatory responses [7] .
Hypoxia-inducible factor-1a (HIF-1a), a heterodimeric transcription factor, is a mediator of tissue oxygen homeostasis [8] and interacts with the NF-kB pathway. These two pathways are regulated by the oxygen status of cells [9, 10] . The induction of NF-kB by hypoxia requires the presence of HIF-1a [11] , while HIF-1a is activated by pro-inflammatory cytokines such as TNF-a and IL-1b in a NF-kB-dependent manner in several normoxic cell lines, including cancer cells [12] [13] [14] . Activation of NF-kB leads to TNF-a production, which plays a key role in initiating inflammatory responses, particularly via HIF-1a activation [11] [12] [13] .
Propolis is a source of valuable compounds that could contribute to the development of pharmaceuticals or dietary supplements for the prevention or treatment of inflammatory diseases. Ozturk et al. reported that propolis had significant anti-inflammatory effects on EIU in rabbits, comparable to those achieved by corticosteroid treatment [15] . However, the mechanism involved in these anti-inflammatory and protective effects of Turkish propolis against uveitis needs to be characterized. The present study was therefore designed to investigate the anti-inflammatory effects of propolis, obtained from the Marmara Sakarya region of Turkey, on EIU.
Material and methods
Animal study. All experiments were approved by the ethics committee of Cerrahpasa Faculty of Medicine, Istanbul University, Istanbul, Turkey. Animal experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Wistar male albino rats were divided into four groups (n = 6/group): a control group received saline intraperitoneally (ip), a LPS-induced uveitis group received one ip injection of 150 µg/kg LPS (from Salmonella typhimurium; Sigma, St. Louis, MO, USA), a propolis group received 50 mg/kg Turkish propolis ip [16] , and a LPS-induced uveitis group treated with propolis received 150 µg/kg LPS ip followed by 50 mg/kg Turkish propolis ip. All animals had free access to standard rat chow and drinking water. After 24 h, the rats were anesthetized with ketamine (90 mg/kg, ip) and xylazine (10 mg/kg, ip) and sacrificed after samples of aqueous humor had been obtained and both eyes had been enucleated.
Immunohistochemistry. The right eyeball of each rat was placed in 10% neutral formalin for fixation, embedded in paraffin, and cut into 5 mm-thick sections. The sections were mounted on slides coated with poly-l-lysine (Sigma), deparaffinized with toluene (Merck, Darmstadt, Germany), and rehydrated with a graded alcohol series (Merck). Immunoperoxidase staining was performed using the Histostain-Plus Bulk Kit (Zymed, San Francisco, CA, USA) and a rabbit polyclonal NF-kB p65 antibody (sc-109; Santa Cruz Biotechnology, Heidelberg, Germany) using the streptavidin-biotin-peroxidase method [17] . Immunostaining procedures were carried out in accordance with the manufacturer's guidelines. The sections were heated for 15 min in 10 mM citric acid buffer, pH 6 (DAKO, Glostrup, Denmark) in a microwave oven. The sections were then incubated with 0.3% H 2 O 2 in methanol for 10 min to inactivate endogenous peroxidase activity. The sections were washed with phosphate-buffered saline (PBS) and incubated with normal blocking serum (goat serum). Sections were incubated overnight with NF-kB p65 antibodies at 4°C, washed with PBS, incubated with biotinylated secondary antibody (goat anti-mouse), and washed again with PBS. Sections were incubated with a substrate-chromogen solution (AEC; Zymed) for 5-6 min and then incubated with a horseradish peroxidase-streptavidin complex. Sections were counterstained with hematoxylin. To determine the specificity of immunostaining, sections were processed as described above, using control serum in place of the primary antibody. Immunohistochemical staining was evaluated semi-quantitatively using a modified H-SCORE analysis that assigned www.fhc.viamedica.pl numerical values of 0-300 to the staining intensity [18] . Each slide was assigned H-SCORE values for 10 different areas by two investigators at different times. The investigators were blinded to the tissue type and source. These scores were averaged to generate the data presented by Karipcin et al. (Figures 1, 2 ) [18] .
Transmission electron microscopy (TEM).
The left eyeball of each rat was fixed in 4% glutaraldehyde (G5882; Sigma) in a 0.1 M phosphate buffer solution, post-fixed in 1% OsO 4 prepared in the same buffer, dehydrated with graded ethanol (Merck), and embedded in araldite (G4901; Sigma). Tissues were cut into ultra-thin 50-nm sections using an ultramicrotome (Reichert UM 2 and UM 3, Wien, Austria). The sections were positioned on copper grids (200 mesh), stained with uranyl acetate and lead citrate, and analyzed by TEM (JEM-1011, Jeol, Tokyo, Japan) and an Olympus Soft Imaging camera system (Olympus, Tokyo, Japan). Retinal regions were analyzed and photographed.
Biochemical analyses. At the end of the experiment, AH samples were obtained from both eyes of each rat by paracentesis. After snap-freezing fresh AH with liquid nitrogen, AH samples were stored at -80°C until assayed. TNF-a and HIF-1a levels in AH were determined using commercially-available enzyme-linked immunosorbent assays (ELISAs) (rat TNF-a platinum ELISA, cat No. BMS622, eBioscience, Vienna, Austria and rat HIF-1a ELISA, cat No. E90798Ra USCNK Life Science, Wuhan, China) according to the manufacturers' instructions. The absorbance was measured using a microplate reader at 450 nm. The TNF-a and HIF-1a concentrations were calculated using a standard curve and expressed as ng/mL and pg/mL, respectively ( Figure 3 ).
Statistical analysis. Semi-quantitative analysis (H-SCORE)
of NF-kB and biochemical analysis of concentration of TNF-a and HIF-1a levels in all groups were given as mean ± standard deviation and compared by ANOVA followed by Tukey-Kramer Multiple Comparison Test by GraphPad Instat ver. 3.06 (GraphPad Inc, San Diego, CA, USA). In H-SCORE analysis of NF-kB, statistical significance was defined as p < 0.0001 for all groups. In biochemical analysis, statistical significance was defined as p < 0.05 for all groups and p < 0.01 for propolis and LPS + propolis groups.
Results
Immunohistochemistry of NF-kB p65 in the ciliary body Figure 1 shows representative light microscopic images and Figure 2 shows the H-SCORE and statistical analysis of intracellular ciliary body immunohistochemical staining for NF-kB protein. In LPS-induced uveitis group, both inner and outer ciliary epithelium layers were positively stained, however, connective tissue and ciliary muscles were not characteristically stained. NF-kB immunoreactivity was significantly stronger in the LPS-induced uveitis group than in the control or propolis groups (p < 0.0001). A significant reduction in NF-kB immunoreactivity was observed in the LPS-induced uveitis group that was treated with propolis (p < 0.0001; Figure 2 ).
Biochemical analysis of HIF-1a and TNF-a in AH
ELISA analyses of HIF-1a and TNF-a levels in AH (Figure 3 ) demonstrated that LPS administration significantly increased the levels of these inflammatory markers, as compared with the control group (p < 0.05). Propolis treatment significantly reduced the LPS-induced HIF-1a and TNF-a levels in AH, as compared with the control and propolis groups (p < 0.01; Figure 3 ).
Electron microscopy of the neural retina
TEM analysis of retina's ultrastructure (Figure 4) showed that administration of LPS ( Figure 4D-F) resulted in degeneration and swelling of the mitochondria in the retinal pigment epithelium (RPE) ( Figure 4E ) and expansion of the outer nuclear layer ( Figure 4D ). Polymorphonuclear cells were also seen in both intravascular and extravascular spaces, especially in the inner plexiform layer and the nerve fiber layer ( Figure 4F ). Some degeneration and pinocytotic vacuoles were observed in the capillary endothelial cells and there were signs of stasis within capillaries ( Figure 4E ). In contrast, the LPS-induced uveitis group treated with propolis showed fewer vacuoles and less mitochondrial degeneration in the RPE, as compared with the LPS-induced uveitis group ( Figure 4H ). The morphology of the intercellular spaces of the inner nuclear layer and the outer limiting membrane were compatible ( Figure 4G ) with those of the control group ( Figure 4A-C) , and there were no signs of stasis in the lumen of capillaries.
Discussion
EIU is used as an animal model of acute anterior ocular inflammation in humans [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Systemic injection of LPS caused inflammation of the anterior chamber of the eye, characterized by increased neutrophil infiltration and cytokine levels in the AH [2] . The inflammatory and immune response involves a transcriptional regulatory factor, NF-kB, which regulates the expression of a number of cytokines [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, few studies have investigated NF-kB expression in the ciliary body during uveitis-related inflammation. Yang www.fhc.viamedica.pl increased significantly following induction of experimental autoimmune anterior uveitis [17] . However, the cytokines controlled by NF-kB activation in uveitis have not yet been defined [14] [15] [16] [17] . In the present study, we created a model of EIU that produced acute ocular inflammation in rats. We showed that 24 h after LPS administration, NF-kB expression was elevated in the ciliary body and TNF-a and HIF-1a cytokine levels increased in the AH. These findings indicated that TNF-a and HIF 1-a may be involved in the acute inflammation induced by endotoxins (LPS in the current study), and may play a role in the pathogenesis of uveitis. and statistical analysis of nuclear factor-kB (NF-kB) immunoreactivity in the ciliary body of the studied groups of rats. Values are given for each of 6 rats in a group and also as mean ± standard deviation (SD). LPS -lipopolysaccharide. *p < 0.0001, statistically significant differences versus other groups (Tukey--Kramer multiple comparison test)
Propolis has been used for the prevention of inflammatory diseases for centuries. Szilszka et al. showed that artepillin C, which is a compound found in Brazilian green propolis, decreased the LPS-induced inflammatory response and NF-kB signaling in macrophages [19] . Our findings were also consistent with those of Wang et al., who showed that Chinese propolis extracts decreased the expression of LPS-induced NF-kB by inhibiting phosphorylation of Ikb and that this reduced TNF-a levels [20] . Girgin et al. showed that the immunomodulatory effects of Turkish propolis on peripheral blood mononuclear cell cultures were dose dependent and involved decreased cytokine release [21] . However, the present study was the first to investigate the anti-inflammatory effects of propolis from Sakarya region of Turkey on experimental acute inflammatory uveitis.
HIF-1a is known to have various effects on inflammatory processes and its expression level can be altered in a range of diseases [22] [23] [24] . The relationship between NF-kB and the HIF-1 pathway may vary depending on the circumstances and cell-type [25, 26] . The results of the present study showed that NF-kB was the main inflammatory mediator in this EIU model, and propolis treatment suppressed the levels of NF-kB in the ciliary body and reduced the levels of proinflammatory cytokines, such as TNF-a and HIF-1a in the AH. These results suggests that propolis decrease inflammation by reducing NF-kB level via decreasing TNF-a and HIF-1a so the anti--inflammatory effect of NF-kB is mediated by these cytokines.
The retinal ultrastructure in the LPS-induced uveitis group treated with propolis had similarities with that of the control group. The protective and pharmacological effects of propolis on retinal damage have previously been examined in vitro and in vivo [27, 28] , but these studies did not include electron microscopic examinations. However, Sande et al. identified disorganization of photoreceptor outer segments and significant alterations of cell structure, including expanded intracellular spaces containing dense bodies and membranous debris, 24 h and 8 days after injection of hamsters with LPS. In addition, a group treated with melatonin, which has immunomodulatory and antioxidant effects, showed a large number of phagosomes in the retina pigment epithelium cells. Our study identified expansion of the outer nuclear layer cells and widening of the intracellular spaces in the LPS-treated group. These effects were less marked in the group treated with both LPS and propolis. This indicated that propolis may stimulate www.fhc.viamedica.pl repair of the outer nuclear layer of the neural retina; this hypothesis will be tested in a future study of propolis in chronic uveitis [29] .
In conclusion, the therapeutic effects of propolis observed in this study and others indicate that various types of propolis can act as anti-inflammatory agents and protect from conditions such as uveitis. Propolis obtained from Turkey may provide a promising anti--inflammatory agent for the treatment of ophthalmic diseases such as uveitis.
